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Thi~ paper presents a quantitative approach to the problem of determining 
design capacity and field dimensions of underground coa l mines using room­
and-pillar mining systems. [n evaluating these design variables, relalionships 
among mining costs, number of production sections in mines, location of cen­
tral shafts, mine field dimensions, section production, mine output, and cost 
ofproduetionlosse.~ due to underground man-traveHng are analyzed. Thereby 
the unit cost o f coal is expressed as a function of the design variables as well 
as input parameters such as seam angle, seam thick ness, seam depth, 
undergrou nd traveling speed of men, mine reco very and plant recovery. The 
problem is then formulated as a nonlinear optimization model in terms of 
minimizing the unit cost of coal subject to a set of constraints and solved 
analytically for flat seams and numerically for inclined seams. Sensitivity 

a nalysis of the variables is also included in the paper. 

Introduction 

The de tormina tion of mice design capa c i ty 

and mine fie ld dimensions unde r various 

l a t ed to the problem of dete rm ining mine 

mi ning conditions i, of primllry importance 

to the economics of develop ing and subse -

quentl y operat i ng on u nde r grou nd cOel l mi ne. 

Fo < example, an overrated desi gn capacity of 

the mine cll n i mmob il ize Il large amount of 

capitai j overs ized dime nsions of' t h e mine 

fiel d can lead to decreased availabi lity of 

worki ng time at f aces a nd inc rease d costs 

for mine venti lat ion, underground ma te r i-

a l s handling, and roadway main te nance . Un_ 

dersized mine fi e l d d imens i ons, on the o ther 

hand , bring abo ut f requent new mine develo p­

ments wh ic h ore of course cost ly, especially 

cOlls ider i ng that minllble coa l seams be come 

deeper and deeper as the resource depletes. 

An i mproper se lection of loc ation for the 

p r odllction shaft can resul t in i ncrease d 

cap ita l and oporating costs . Dec i sions re-

shaft location, mine field dimensions, and 

mine de s ign capacity h ave a long-term cffect 

o n t he overa l l economics of underground coo l 

mine op~rations , and a wel l -p la nned approlleh 

to the prOb lem can yiel d substant ial mone-

t ary savings . 

This pa per p resen ts a quantitat i ve IIP ­

pr oach to the p roblem of determin ing mine 

design capacity and mi ne field dime nsions. 

Ji'ormulafion of the problem 

Cost-size relationship 

In order t o formulate th e p ro blem, th e re ­

lationship be t wee n mi n ing cost and mine s iz e 

need s to be quant ified. 

Data 

To derive th e quanti tative relati onship 

between mi ni n g cost Ilnd mine size, use was 
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made of the cost estimates for hypothetical 

drift mines with the number of sections in a 

mine ranging from 2 to 24, extracting seams 

of 1.83 meters, lying 229 meters below the 

surface as nccounted in the l i te r atu r e. I, 2 

Through a statistical analysis of the data, 

capital cost (lie) nnd operating cost (Ba) in 

1977 U.S . dollars for the base-case drift 

mines are expressed as functions of the num­

ber of production sect i ons i n mines (S): 

[ la] 

aod 

2628200 SI.0. [ Ib] 

It is noted that the data, though quite 

old, does serve the purpo:;;e of analyzing the 

problem. For a more accurate modeling, how­

ever, the data mlly need to be adjusted to 

current price levels using historical infla­

tion data or prefe~ably current data need to 

be used. 

Effect of seam thickness on mining costs 

Seam thickness influences mining costs. In 

a thin seam, more extensive workings have to 

be develeped nnd a greater area of ground 

has t o be mined in order to achieve the same 

mine output .as that from 11 thicker seam . As 

a result, those costs related to the extent 

of extraction are increased. For example , 

costs for conveyor belts, rail track, water 

and power l ines, haulage of coal, rocks, and 

supplies, ventilation, entry construction, 

road way maintenance, spillage cleaning and 

rock du s t i ng b e c ome gre a t e r i n th i nn e r coal 

seams. To take the effect of seam thickness 

into account, adjusting Capital cost (Tc) 

and operating cost ('1'0) are estimated as 

Tc - 19685000(1.83 - m) [2a) 

ood 

To - 574000(1.83 - m) 

where m is seam thickness. 2 

[2b] 

These adjust-

ments will be added to the base-case costs. 

Effect of seam depth 

The effect of seam depth on mining costs 
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results primarily from the variation in the 

lcngtb of access openings. For deeper coal 

scams, the capital cost for shaft sin1(ing 

and hoist facilities becomes greater. 10 

addition, coal hoisting, men and supplies 

transporting, 8nd mine ventilation becomo 

more expensive . Deep seams may also require 

hcavier, thus more costly supports than do 

shallow seams. 

Thc cost for sbaft sinking varies depend­

ing on geological conditions and geotechnic ­

al properties of the strnta through which 

the shaft is sunk, sinking methods used, 

lining requirements, length of sbaft, and 

sectional area of the shaft. Because the 

sectional area of shaft is dependent on the 

mine capacity, so also is the shaft sinking 

cost. 

Tlw shaft sin1(ing cost (Se) is estimated 

to be 

Se - -5650000 + 49213(h + btana), [3aJ 

where h is tho depth of seam at the shal l ow­

er boundary of the property, b is the hori­

zont8l distance of the production shaft from 

the shallower boundary of mine field along 

the dip di r ect i on, and 0; is the inclination 

of seam (shown In Figure 1) . 

The operating cost for coal hoisting is 

formulated as 

[3b] 

where Cc is the cost for hoisting 8 unit of 

coal along a unit length of shaft and A is 

the annual mine output. 

Costs for cleaning and loading facilities 

Coal cleaning costs depend on the de g ree 

of cleaning and the tonnage of raw coal 

feed. Katell 2 has suggested a east to size 

factor of 0.96 for the capital cost (Pc) and 

0.85 for 

and 

the operating 

K AO. 96 
c 

K AO. 85 
o ' 

cost (Po)' that is, 

[48] 

[4b] 

where Kc and Ko are constants for 8 speci­

fied degree of cleaning . 
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FIGURE I. General layout of the mine: 

I n a ddition, nccord ing to Katel1 2 , load i ng 

fncilities add 2% to the capita l cos t and 1% 

to the operating cost . 

Cost-size relatiol/ship 

In summllry , the cos t-size relationships 

arc d erived t hrough a s tatistical analysis 

of the U. S. llureau o f Mines ond the Energy 

Info r mat ion Adm i n is tration cos t estimates 

for hypothetical d r ift mines. Cost adj ust -

men t a are mode fo r s ha ft mines e ){tracting 

seams with various th i cknesses and depths 

and having s u r face loading and cleaning 

facili t i es. The cos t - size rela t ions h i p f or 

t he capita l cost (Cc > Is 

Cc - ( 1 + O.02){Bc + Tc + Sc + Pc) [5a ) 

and that for the operating cost (Co) is 

Co ( 1 + O.Ol)(Bo 
As s um ing a mine l ife 

+ To + So + Po) · 15b] 

o f T years and an in-

terest rate of i and sumrnine up the annual 

c a pita l and operating costs , one obtains the 

annua l cost for the extraction and process-

ing of coal as 

Ct - i TCe + Co [ 6 ) 

wbere iT i s the cquo l -pR~oent-ser ie s cap it a l 

r ec overy fac t or. 

Locating a production shart 

'rhe p roblem oC locati ng t he cen t ral sha f ts 

and surfllcl3 f e.c ll1 t i~ s within the mine fie ld 

se rves fiS the bas i s upon \~hich the problem 

of dotormining t he mine fiel d d imensions and 

design capacity Is approached. 

Ma n y factors may affect the location of 

produc tion shaft and central surface fac111 -

ties. Among them are costs fo r underground 

haulage ot coa l and rocks , transportation of 

men and suppl ies , venti lat ion , and r oadway 

mainte nance . Other fac t o r s include inc l ina-

tio n of t he s e am, d istribu tion of coal over 

the scorn, geol ogy and hydrology of the sur-

rou nding s trata , sur f ac e topography, and 

closeness of roadl:! aDd water and power sup-

pl ies. 

In the a na l ysis , it is assumed that the 

thickness of seam and the a n gle o f inc l ina­

tien are constant, the geolog y and hydrology 

o f overlying strnta are uniform over the 

mIne field, and the influence of distanccs 

to accessible rail and roads and water and 

p ower supplies is ne g ligib l e. 

It is also assume d t hat the shape of mine 

fie l d is rectangUlar, the boundaries of mi ne 

f i e l d a r e pllra lle l or perpendicular to the 

strike o r d ip d irect i on o f the seam, a nd all 

u nderground hau lage roadwa ys are d eveloped 

eithe r a long o r across t he s t rike. ] n o t he r 

word s , coal, me n, a nd supplies arc trans-

po rt ed ol o ng o r t h ogona l sets of open ings and 

the transporta t ion distan ces arc rectilin-

car. 

Under these conditions, the location of 

production s h nft and centra l s urface facili­

tie s can be determi n ed. by anal yzing costs 

fo r transportation of coal, men, and sup-

plies. As a r esu lt, t h e opt ima l shaft loca-
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tiOD in terms of minimizing the cost for 

underground transportation can be found to 

be at 

a x/2 [7a] 

and 

[ 7b] 

where x is the mine field dimension along 

the strikc, y is that across it, and a l and 

a 2 are constants. 3 

It may be inferred that the inclusion of 

costs for mine ventilation and roadway main­

tenance would change the optimal location of 

shaft as determined above. However, the de­

viation is usually insignificant because 

these costs are relatively small compared to 

the cost for transportation. This is true 

especially when the inclination of seam is 

small and the production shaft is located 

approximately at the center of the mine 

field because it can be shown that for flat 

seams, a centrally-located shaft is the most 

favorable in terms of minimizing the costs 

for mine ventilation and roadway mainte­

nance. 3 

Number of production sections in mines 

Let the production rate (p) be defined as 

the production per unit of productive time. 

Then the section production per shift can be 

evaluated as 

[8) 

where p is an efficiency factor and Tp is 

the prodUctive shift time which equals the 

tota l shift t i me (Ts) les s t he l unch bre ak 

time (TL ), the time spent on traveling to 

and from the face (Tt), and the total shift 

delay time (Td ). 

It is important to note that Tt is a func­

tion of mine field dimensions. The travel-

ing time can be evaluated as 

[9 ) 

where v t is the travelling speed of men, Tw 

is the waiting time during transporting men 

into or out of the mine, and D is the ton-

llS 

nage-weighted average of distances from the 

portal to faces throughout the life of mine. 

This average distance can be evaluated as 

D = [x/2 + Aly + A2/x + A3 /(x 2y)]/2 [10] 

where Ai for i from 1 to 3 is a constant in­

dependent of x and y.3 

Now, the number of production sections 

needed to attain il certain level of mine 

output (A) can be determined as 

S .. A/(dsnP s )' [ 11] 

where d is the number of days worked in a 

year, s is the number of shifts per day, and 

n is a factor which takes into account the 

effect of delays occurring in the outby 

transportation systems on the mine output. 

Note that in deriving the number of pro-

duction sections, it has been assumed that 

the mine output is proportional to the num-

ber of production sections in mines. Natu-

rally, the number of production sections in 

mines increases with the output of mines. 

But the increase in the number of sections 

may not be proportional to the mine output. 

Generally, the number of sections in mines 

cxponentially increases with the output of 

mines at an increasing rate of change. The 

reason for the nonlinearity is that as the 

number of production sections increases, the 

managing of the coal mining system becomes 

less effective, the logistics of underground 

coal mining becomes more complicated, and 

delays out by the sections are expected to 

occur more often. For simplicity, however, 

a linear rel~tionship between the number of 

sections and the output of mines has been 

assumed as often the case. 

Cost of production losses 

In a previous section, mining costs were 

dealt with. To be specific, the tangible 

costs, that is, equipment investment, labor 

cost , and supplies and power costs were 

estimated. For a more detailed analysis, 

however, it is necessary to include intangi-
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ble costs as wcll. The most important com­

ponent ot i n tangi b le costs resu l ts trom pr o -

d ue t i o n losses due to the time wa sted on me n 

trave lling unde r ground. One may incrcase 

underg r ou nd ma n- trans po rt i ng speed s or l im­

it mi ne fie ld d ime nsions t o ach i eve t h e min­

i mum loss o f a VAi la bl e fa ce t imc and waste 

of costly Inbo r . The cost of production 

losses resulting from r educed availab le f ac e 

time due to overs ized mine field d i mens i on s 

may be evaluated as follows . 

Le t CL boa the unit cost of production 

l oss , thllt is , tbe d i fference between the 

p rice of salable coal and the c o s t for ex­

tract inB and processing the coal. Th e n t he 

cost due t o production losses in a sh i f t i s 

CsL .... Tt mdu p rp CL ' ( 12) 

whe rc rp is the plant r ecovery and mdu is 

the system availabi l ity . Therefore the cost 

of production l osses for each unit o f coal 

( 13 ] 

and the annual cost o f product i on losses i s 

CL - A rp Tt mdu p r p cL/(P s r p ) ' [ 14 ) 

Formulation of Ihe problem 

Adding t he cost of product ion losses to 

t h e cost for oqu ipment, labor , and power and 

supplies results in the tota l a nnua l c ost 

[ 15 ) 

Divid ing the a nnu a l salab l e coal, which i s 

equ a l to r A p , into t he to t a l annual cos t 

( CT ) , t he t ota l cost ('or a u n i t o f sa l able 

coal (Cu ) c a n be e xpr essed as a function of 

x, y, and A, d e noted a s 

Cu - f{x , y,A). [ 16 ) 

The probl em o f de termining tbe fi e ld di ­

mensions a nd desig n capac i ty of a min e is 

then fo rmula ted In torms o f find i ng x , y, 

and A such .th at tho cost for a unit of sa l ­

ab l e coal is minimized under t h e condition 

t hat t h e a n nual mine ou tput e qua ls the ton­

nage of recoverable coa l in tbe property 

divided by t h e l ifo of mine . Math ematically, 

thc probl em is 

mi n. Cu - f(x, y,A) 

s .t . . A • r mYxym/(Tcosa) 

and x,y > O. 

Solution or the problem 

Analylical solution for a special case 

[ 1 7a I 

[ l7b ] 

[ l7d 

The problem can be solved ana ly t icall y un-

der the condition that the incl ination angle 

of coal seam is zero . An ana l yt i cal s o l u-

t i on of this spocia l case i s i mportant i n 

t h at it d emonstrates how tbe objective func­

tion behaves , provides guidance in select i ng 

a method for solving t h o gonera l p r oblem i n 

wh ich the dip angle of seam is no t z ero, and 

serves a s a test problem f or the pr ogrammed 

algorithm which is used t o so l ve the gene r a l 

prob l em. 

The fol lowing inpu t va lues are uscd in 

so l v ing t he prob l em: 

m 
h , 
Te 

d , 
i 

- L e3 m 
,. 229 m 
.. SO.OOlOeS / t / m 

~O yr 
220 dAys/y-r 

.. 2 ShiftS/day 

.. 10% 
' L • 
r • 
,P • 
m 

$3 . 31/t 
85% 
50% 

a 0 
"y 1 . 345 t /m 3 
p .. 0 . 90 
n .. 0 . 90 
T _ 270 s 
Vw ~ 1 .732 ml s 
Tt .. 28800 s 
TS .. 3600 s T£ .. 1800 s 
Td .. 6600 s 

I t can be ana l ytically f ound that with a 

processing plant, the optima l mine fi eld 

dimensions , mine d es i g n capacity, a n d unit 

cost o f salab l e coal, respect i ve l y, a r e 

x _ y _ 6 , OS3 m, 

A .. 2,253,834 t/yr, 

.od 

Cu " $22.75/t; 

a nd withou t a proceSSing pl a n t , 

x .. y .. 4,432 rn, 

A .. 1,208,350 t l yr, 

and 

Cu " $14. 50 /t. 

Numerical solullon or Ihe problem 

To solve tho general prob lem in which t h e 

inclination a ngle of seam does not e qual 
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zero, numeri cal methods must be used and 

three add itional pieces of informati on are 

required, namely, the unit costs (S/t/m) for 

t ransporting a long ho rizontal hau lage ways, 

upward and d ownwa rd along incli ned haul age 

ways, denot ed by Ch' c u ' and Cd' respec­

t ively. 

The probl am wa s solved on an IBM personal 

comput e r us l ns the Ne'iolton method and the 

novidon - Flctcher- Powe ll mult id ime nsiona l 

search a lgorithm . Given that Cl'" 50 , Ch 

0.001 085, Cu .. 0.00 1121, and Cd .. 0.001049 , 

it was f ound that with a processins plant, 

the opt imol mine f ie l d d imens ions a l ong t he 

strike and t he d i p, mine des ign ca.pac ity, 

and uni t cost of coal , respo c t i vely, wer e 

x 

A 

7,654 m nnd y ... 4,678 rn, 

2,202, 523 t /yr , 

Cu = S23.58/t ; 

and without 0. processing p lant, 

x - 5,896 m a nd y = 3,052 rn, 

A ... 1,10 6,925 t/yr, 

and 

Cu .. $15.19/t. 

Discussion of results 
Analysis of seusltlvlty 

To stu dy t be e f f ects o f i nput parameters 

o n mI ne fi e l d d imens i ons, mine design capa­

city , and unit cost of coal, an ana l ysis of 

sensitivity was co nducted by solving the 

p roblem under various reining cond i tions. 

This was mad o poss i b le by r epeating the exe­

cu t i on of the p roblem on an ISH pe r sonal 

computer with o ne parameter varicd in a 

range of possiblo values and the others kept 

fixed at a val ue commonly found in practice. 

Thos e fi xed v a lues arc the same as those 

used in t he spec ia l case except tha t instead 

of 229 m, a valuo of 457 m is used as the 

de pth of seam in the sensit ivity analysi s . 

The in put parameters that were individual ­

ly analyzcd incl ude seam ans i e, seam depth, 
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se am thi c kne ss , unde rground travel spe e d of 

men, mine recovery , and plant re cove ry . The 

resul ts from ona l y z ing t h e ef fects of these 

input pa r a meters on t h e opt ima l mi ne fie l d 

dimensions, mine design c apacity , and un i t 

cost of coal arc given in Table 1 t o 6. 

Discussion of results 
Some observations can be made on t h e indl -

v idua l effects of the in pu t parame t e r s on 

mine fie l d dime nsions, des i gn c apacit.y, and 

uni t cost of coal . 

Seam angle 

The inc l inat i o n angle of seam af fects the 

opt im.ll s hape o f t he mi.ne field . Whe n t he 

seam is f lnt, a square shape is most favorn-

bl e. As t he inclinat ion anele is increased 

from 0 to 6 degrees, the r at io of the opt i­

ma l fi eld d i mension along t he s t rike t o that 

ac ross it changes from 1 to 1 .6 and t he min­

imum unit cos t incre ases from $23. 62/t to 

$24 .59/t. 

TABLE 1. 

Eff ects o f seam ang l e (a) on the opt ima 

o 
2 
4 
6 

x (m) 

7,156 
7,94 L 
8,490 
8,862 

y (m) 

7,156 
6,508 
5,990 
5 , 553 

A (t/y) 

3 , 14 9,32 5 
3, 1 78,604 
3, 129,000 
3,026,352 

23.62 
24.01 
24.33 
24.59 

Seam tflickness 

As the t h ickness of seam is inerease~ from 

1.22 to 2.44m, the opt imal mine field dimen­

sions decrease from 8,0 19 to 5,745m Ilt no 

i nc reaai nt; r ate of ehanee and t he minimum 

c ost decreases from $30.30/t to $ i 8.58/t a t 

a decreas ine ratc of change . 

TABLE 2. 

Ef fec t s o f seam t hickness (m) on t h e opt i ma 

m (m) 

1. 22 
1. 52 
1. 83 
2.13 
2.44 

x_y (m) 

8,019 
7 ,621 
7 , 156 
6,577 
5,745 

A (t/y) 

2,636 ,906 
2 , 976,89 1 
3, 149,325 
3, 103,637 
2, 707,00 0 

33. :30 
27. 52 
23 . 62 
20. 78 
18. 58 
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Seam depth 

As t.he depth of seam is increased fr om 229 

to 838m, the optimal mine field dimensions, 

mine desien capacity, and the minimum cost 

of coal increase from 6,053 to 8, 269m, from 

2.25 to 4.21 mil l ion t/yr, and from S22.75/t 

to $24.83/t at a decreasing rate of change, 

respectively. 

TABLE 3. 

Effects of seam depth (b) on tbe optima 

h (m) 

229 
381 
533 
686 
838 

x .. y (m) 

6,053 
6,851 
7,424 
7,882 
8,269 

Traveling speed 

A (t/y) 

2,253,834 
2,886,596 
3,389,571 
3,821,175 
4,205,589 

22.75 
23.35 
23.88 
24.37 
24.83 

As the undereround traveline speed of men 

is increascd from 1.5240 to 1. 9034m/ s, the 

optimal mine f ield dimensions and design 

capac ity increase from 6,639 to 7,632 m and 

from 2.71 to 3.58 million t/yr at an approx-

imately constant rate of change, respective­

ly, but the minimum cost of coal decreases 

from $24.11/t to $23.23/t. 

TABLE 4. 

Effects of travel speed (vt ) on the optima 

v t (m/s) 

1. 5 240 
1.6256 
1.7272 
1. 8288 
1. 9304 

Mine recovery 

x~y (m) 

6,639 
6,894 
7,144 
7,390 
7,632 

A (t/y) 

2,710,930 
2,~22,906 
3,138,859 
3,358,811 
3,582,778 

24.11 
23.86 
23.63 
23.42 
23.23 

As the recovery of coal is increased from 

507. to 90%, the optimal mine field dimen-

sions and the minimum cost of coal decrease 

from 7,156 to 6,367m and from $23.62/t to 

$22.60/t at a decreasing rate of change, re­

spectively, but the optimal design capacity 

increases from 3.15 to 4.49 million t/yr at 

an approx ima tely constant rate of change. 

TABLE 5. 

Effects of mine recovery (rm) on the optima 

50 
60 
70 
80 
90 

x .. y (m) 

7, 156 
6,896 
6,687 
6,514 
6,367 

Plant recovery 

A (t/y) 

3,149,325 
3,509,555 
3,850,213 
4,175,407 
4,487,978 

23.62 
23.29 
23.02 
22. 79 
22.60 

As the recovery of plant is increased from 

80% to 100 %, the optimal field dimensions, 

mine design capacity, and unit cost of coal 

decrease from 7,990 to 5,902 m, from 3.93 to 

2.14 million t/yr, and f r om $28.96/t to 

$15.56/t at a decreasing rate of change, 

respectively. 

TABLE 6. 

Effects of plant recovery (rp ) on the optima 

80 
85 
95 

100 

x_y (m) 

7,990 
7,156 
6,322 
5,902 

A (t/y) 

3,926,155 
3,149,325 
2,458,349 
2,142,715 

Conclusions 

Cu (S/t) 

28.96 
23.62 
18.05 
15.56 

The study indicates that the optimal mine 

field dimensions increase with seam depth 

and trave ling speed of men and decrease with 

seam thickness, mine recovery, and plant 

recovery; the minimum unit cost of coal 

increases with seam depth ond scorn angle and 

decreases with seam th ickness, traveling 

speed, mine recovery, and plant recovery; 

and the optimal mine design capacity 

increases with seam depth, traveling speed, 

and mine recovery -and decreases with plant 

recovery. 

When the seam is flat, a square shape of 

mine field is most favorable and as the seam 

angle increases the ratio of the optimal 

field d i mension along the strike to that 

across it becomes larger. It is interesting 

to notice that the optimal desi gn capacity 
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does not vary monotonically but concavely 

with seam thickness or seam ang10. 

Also, i t appea r s that the plant recovery 

and the seam thickness have a significant 

effect on the minimum unit cost of ,salable 

coal even though the unit cost of coal is 

inscnsitive to the field dimensions and 

dcsign capacity. 

Finally, by building such a quantitative 

model, the optimal mine life can be deter­

mined and the effects of other input parame­

ters such as the rate of interest on the 

mine design capacity, mine field dimensions, 

mine service life, and the unit cost of coal 

can be analyzed. 

It should be mentioned that the optimal 

solution from the quantitative analysis is 

not intended to be the terminal decis i on 

because somc qualitative factors affecting 

the evaluation of mine field dimensions and 

design capacity were not incorporated into 

the analytical formulation. I nstead, the 

quantitative solution i s expected to serve 

as a useful aid in reaching the right deci­

sion concerning the design of underground 

coal mines. The methodology present()d ht:lre 

can be an important step toward increased 

applications of quantitative methods in de­

signing underground coal mines. 
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